Luminescent porous silicon ͑PSi͒ layers have been made on n-type Si wafers by anodization in a HF solution under illumination with linearly polarized light. It is observed that the photoluminescence from samples anodized at a current density of 30 mA/cm 2 and slightly oxidized electrochemically for passivation exhibits a significant anisotropy in polarization memory ͑PM͒: the degree of PM becomes maximum when the vector electric field (E exc ) of excitation laser light is parallel to that (E etch ) of the light used during anodization, and minimum when E exc is perpendicular to E etch . These maxima and minima are in totally different directions from those reported previously. In addition, the anisotropy is found to be weak at low anodization current density of 2.3 mA/cm 2 . These experimental results are discussed based on the electrochemical, rather than photochemical, thinning of Si-nanocrystal assemblies in PSi layers.
Luminescent porous silicon ͑PSi͒ layers have been made on n-type Si wafers by anodization in a HF solution under illumination with linearly polarized light. It is observed that the photoluminescence from samples anodized at a current density of 30 mA/cm 2 and slightly oxidized electrochemically for passivation exhibits a significant anisotropy in polarization memory ͑PM͒: the degree of PM becomes maximum when the vector electric field (E exc ) of excitation laser light is parallel to that (E etch ) of the light used during anodization, and minimum when E exc is perpendicular to E etch . These maxima and minima are in totally different directions from those reported previously. In addition, the anisotropy is found to be weak at low anodization current density of 2.3 mA/cm 2 . These experimental results are discussed based on the electrochemical, rather than photochemical, thinning of Si-nanocrystal assemblies in PSi layers. [8] [9] [10] [11] [12] This phenomenon is called polarization memory ͑PM͒, 13 since the PL is polarized in the same direction as the direction of polarization of the excitation light. The degree of PM is defined by Pϭ(I ʈ ϪI Ќ )/(I ʈ ϩI Ќ ), where I ʈ and I Ќ are the PL intensities polarized parallel and perpendicular to the direction of polarization of the excitation light, respectively. Typically, values of ϳ0.1 are reported for normal PSi layers.
The origin of PM has been ascribed to the anisotropic optical response of either individual Si nanocrystals ͑in an elongated shape͒ 11 or linear assemblies of them. 14 Since this microscopic anisotropy tends to appear along the direction of the etching current flow, 11 attempts have been made to control the direction of the etching current to obtain in-plane regulations of these structures. [15] [16] [17] [18] The resulting PSi samples exhibit anisotropic PM, in which the degree of PM becomes maximum when the vector electric field (E exc ) of the excitation light is parallel to the direction of the etching current flow. It is also observed that these PSi samples show large anisotropy in their refractive indices. 16, 17 This has led to novel applications of PSi such as in waveplates 17 and phase-matched second-harmonic light generators. 18 Another promising method by which to regulate the microscopic optical anisotropy in PSi was demonstrated by Polisski et al. 19 They used linearly polarized light during anodization of n-and p-type Si wafers, and obtained significant anisotropy in the degree of PM. The advantage of this method is that the direction of the anisotropy is easily changed by changing the direction of the polarization of the light. They observed maximum PM when E exc was perpendicular to the electric field (E etch ) of the light. This is explained by assuming that the elongated individual Si nanocrystals oriented parallel to E etch become less anisotropic after photoassisted anodization. Then, the majority of remaining anisotropic nanocrystals are oriented perpendicular to E etch , which should lead to a maximum degree of PM when E exc is perpendicular to E etch .
In the present study, the degree of PM has been evaluated carefully in PSi layers formed on n-type wafers by anodization under polarized-light illumination. It is shown that, in contrast to the results of Polisski et al., 19 large anisotropy can be produced in the other direction, i.e., the degree of PM becomes maximal when E exc is parallel to E etch . Furthermore, large anisotropy is only observed in samples anodized at relatively high current densities. These results cannot be explained on the basis of their modeling, and therefore need to be studied in detail for precise and accurate designing of PSi-based functional optical devices.
N-type ͑100͒ Si wafers with resistivity of 0.05-0.5 ⍀ cm were anodized in a solution of 55% HF:ethanolϭ1:2 at 2.3-30 mA/cm 2 under polarized illumination. The light source was a 150 W halogen lamp equipped with an infraredabsorbing filter, a fiber-bundle light guide, and a collimating lens. Linear polarization was obtained by a film polarizer. Also, a sharp-cut filter with a cut-off wavelength of 660 nm was used to obtain high PL efficiency 20 over a sufficient thickness. As-anodized PSi samples are actually unstable under photoexcitation in PL measurements. 21 To improve their stability, electrochemical oxidation 22 was performed in 0.1 M H 2 SO 4 solution at current densities of 2.3-10 mA/cm 2 . Optical measurements were carried out at room temperature. PSi samples were excited with a linearly polarized 488 nm Ar ϩ laser beam that was incident on the sample surface and had a small angle of incidence. Since E exc is perpendicular to the plane of incidence, the presence of a small angle of incidence does not affect the degree of PM measured from the normal direction of the sample's surface. 23 The emission was collected through a film analyzer and a depolarizer, and then transferred to a fiber-coupled monochromator/charge coupled device ͑CCD͒-array-detector system. Relative values of I ʈ and I Ќ were evaluated by rotating the analyzer by /2. Figure 1 shows the unpolarized PL spectra of PSi samples measured before and after electrochemical oxidation. The level of oxidation is denoted by Q ox /Q etch , where Q ox and Q etch are the total charges passed during electrochemical oxidation ͑in the H 2 SO 4 solution͒ and anodization ͑in the HF solution͒, respectively. As reported previously, 22 these spectra show a monotonic blueshift with an increase in the oxidation level. This blueshift is attributed to a reduction in size of luminescent Si nanocrystals due to oxidation of their surfaces.
In this study, measurements of PM were only performed on electrochemically oxidized PSi samples because of the insufficient stability of as-anodized samples. Figure 2 shows the degree of PM at several emission energies plotted as a function of the angle between E exc and E etch . As is clearly seen, the maximum PM is observed when E exc is parallel to E etch . This is in remarkable contrast to the results of Polisski et al., 19 where the maximum PM is observed when E exc is perpendicular to E etch . The emission-energy dependences of PM for the two polarization conditions are compared in Fig.  3 . While the degree of PM for E exc ʈ E etch strongly increases with an increase in emission energy, that for E exc ЌE etch does not show a marked change in the photon energy range of 1.5-2 eV.
To confirm that the PM anisotropy observed does not originate from electrochemical oxidation, similar experiments were performed on several PSi samples with different oxidation levels. Figure 4 shows the ratio of the degree of PM for E exc ʈ E etch ( P ʈ ) to that for E exc ЌE etch ( P Ќ ) as a function of the oxidation level (Q ox /Q etch ). In samples anodized at 30 mA/cm 2 , the anisotropy clearly decreases with an increase in the oxidation level, indicating that electrochemical oxidation is not a primary cause of the anisotropy observed. In Fig. 4 , we also show the results for PSi samples anodized at low current density of 2.3 mA/cm 2 . In this case, the anisotropy is weak ( P ʈ / P Ќ ϳ1) and does not change significantly with an increase in the oxidation level.
These experimental results demonstrate that the model presented by Polisski et al. 19 is not applicable to all PSi samples. The observation of a larger degree of PM under the condition of E exc ʈ E etch implies that the Si nanostructures become more anisotropic, rather than less anisotropic as they assumed, after photoassisted anodization. This is supported by the emission-energy dependence of the anisotropy shown in Figs. 2 and 3 , where high-energy emissions originating from smaller Si nanostructures which should have suffered more photoelectrochemical etching, show larger PM anisotropy. Furthermore, theoretical results 14 suggest that the PM in PSi should be attributed not to individual Si nanocrystals but to linear assemblies of them. In that case, it seems reasonable to suppose that photoelectrochemical reactions make these ''nanowires'' thin rather than short.
We should note, however, that the large anisotropy in PM presented here is only observed for PSi samples anodized at a relatively high current density of 30 mA/cm 2 . This implies that we need to take into consideration the effect of the electric field provided by the external source. In the present experiments, the photon density incident on the sample surface during anodization is fairly low: a rough estimate yields ϳ8ϫ10 15 cm Ϫ2 s Ϫ1 . This results in a primary photocurrent density 24 of 1.3 mA/cm 2 assuming perfect absorption and quantum efficiencies. Thus, the anodization current density of 30 mA/cm 2 is supplied mostly by the external current source. The implication is that the thinning of the nanowires is caused electrochemically rather than photochemically. The major role of polarized light in this case, therefore, is to reduce the resistivities of the nanostructures depending on their orientation, which results in larger current densities flowing in those Si nanostructures oriented in parallel to E etch .
Polisski et al., 19 in contrast, used a Xe lamp for polarized illumination, and its illumination intensity was 2-500 mW/cm 2 . Since the corresponding photon density can be as high as 10 18 cm Ϫ2 s Ϫ1 , photochemical reactions may have preceded the photoelectrochemical process described above. This is similar to the case of low anodization current densities, and we have actually observed a similar tendency ͑i.e., P ʈ / P Ќ Ͻ1͒ of anisotropic PM in several samples anodized at 2.3 mA/cm 2 , shown in Fig. 4 . However, it is still unresolved as to how such photochemical reactions produce anisotropic nanostructures in the other direction.
In conclusion, we have shown that PSi samples anodized at relatively high current density of 30 mA/cm 2 show significantly anisotropic PM in such a way that the degree of PM becomes maximal when E exc is parallel to E etch . The anisotropy, however, is found to be weak in samples anodized at low current density of 2.3 mA/cm 2 . It is confirmed that electrochemical oxidation, which is used in this study to stabilize the PL, is not responsible for the large anisotropy in PM. Photoassisted electrochemical thinning of Si nanostructures is suggested to be essential.
